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SOONTAREE SEANGSRI : PID CONTROLLER TUNING BASED-ON
TIME-DOMAIN SPECIFICATIONS AND ISE PERFORMANCE

INDEX. THESIS ADVISOR : WIROTE SANGTUNGTONG, Ph.D., 203 PP.

PID CONTROLLER/ PLANT DIFFICULT/ ISE/ TRANSIENT PERFORMANCE

This thesis is concerned with the development of a PID controller design
based-on 3 previous approaches. The first approach is to use a dominant pole
placement with phase margin. The second one is to use gain margin and an accurate
phase margin. The third approach is to some specification with calculation formulae
to obtain accurate dominant pole location. The third approach provides good response
under some certain conditions, i.e. choose minimum P-parameter for each specified
interval, and apply a dominant pole placement formula to calculate I- and D-
parameters, respectively. Regarding this, to find a suitable P-parameter is of prime
important. However, the integral of squared errors (ISE) of the response are quite
high. The ISE is related to the duration of errors and the maximum error, i.e. transient
and steady state error. Therefore, this thesis proposes an approach to PID controller
design using an accurate dominant pole placement with the least integral of squared
errors. The thesis works are aimed to enhance the performance of a closed-loop
system. Simulation test was conducted against 5 plants difficult to be controlled

proposed by Astrom and Hagglund (2000). The results are very satisfactory.
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UYHADUN 7 ATUIUAUNY KI iHas KD ‘lli’]\i@]’Jﬂ’J‘]JﬂilWhlﬂﬂ INTUNIT (2.25) U

(2.26) ANA1AU
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P (V)
K, = (X,0, - X;0,) -t (2.25)

Ky = P __9jjr__9 (2.26)

uaz X = 1Im L(J(m“)

Taodi X, = Im _—1 . _
AﬂGP(JO‘)p) GP(JO‘)g)

a v < a J a < a J¢ a
Trmome insan1dn o, duiuuiatvesszuuiuile o, Wunuuiaivesssuuisia

'
ax v A o

U | U ay J d' d'
242 ﬂaaﬂNmsaammumﬂ3‘UQuﬁ”l@ﬂmmﬁa’mmaaﬂswmﬂuazmummw's‘m
uuEn
v 9 dy % 1 % =\ =S 9 a1 d‘ [
1uwaeuauﬁ]zmemaEmmﬁ@@mmummuﬂmw"laﬂmmﬁmumaamwma
1 A v v 0 A o 9 Y d‘
tazd@ N ao 1IN UNNFATENAIUA 1 1AsADINT ITHAAO LT UBIN TAUANNDVDY
sryutaliaruiesnsivens lieendn 18.0618 iadiua (GM > 18.0618 dB) azaiu
i1 9 9
welaliveendt 60 aam (PM > 60°) asvuasunsesnuuusae Uil

3 d‘ o 4 - ~ 9 @ dy
TuneuN 1 MruanaIua Gp (jo) NABINIAIUANAIY

1
0.01563 (joo)* + 0.2344 (jo)’ + 1.094 (jw)’ + 1.875 (jo) + 1

Gey (Joo) =

v 9

< . Y o ~ ?x’z 1 1 ~
WasauNUN MU0 TuAved Gy (jo) 9z 1ddazilil 2.7 :ntusuminnuddadiy

(3

wlat(, ) 1218 haanuadadumlat fe o, = 2.8284 rad/s
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Bode Diagram
Gm=16.6 dB (at 2.83 rad/s) , Pm=-180 deg (at 0 rad/s)

0 N_u\ ——

50 F 4

Plant 1 Without PID

Magnitude (dB)

®, = 2.8284 rad/s

Phase (deg)

-1 0 1
10 10 10 10
Frequency (rad/s)

A %
i']J‘VI 2.7 LLWHﬂTWI']Jﬂ“U'ENWﬂ"IH@] 1

U

& d' o 1 1 tﬂ' (% d‘ 9 ddy o Y A
Tuaouil 2 MUUAMAIUINDIATIVEIENADINT TunTallimuald A, > 8150
1uAe GM > 18.0618 dB
] 1 Y
Mruasarumelandesnis lunsaiidmuald ¢, > /3 rad/s
n3vuAe PM > 60° uag
o [ [ 1 a o a 1 a T = d"
fruanIoaI1Ia UL UIATVeITeUUI9daae1uilaT Tunsall
v Y 9
fnualyd o Haun1nu 0.5 84 0.9 Insliaunuayuaiay 0.1

) a o 1 Ao 9 Y1
YuaaUh 3 MulumMaNNdaaT I W, = 0l®, NAUNIT (2.21) %xhl,ﬂ’:]”I

- dlo o = 05 wld o, = 0.5%2.8284 = 1.4142
- ilo a =06 wld o, = 0.6x2.8284 = 1.6970
- dlo a =07 wld o, = 0.7x2.8284 = 1.9798
- ile o = 08 wld o, = 0.8x28284 = 2.2627
- dle o = 09 wld o, = 0.9x28284 = 2.5455

Funoudi 4 anaouiou'ly veamums (2.22) 1zldh
- 1o o = 0.5 wld -35502 < —2.0858 < —1.5708
- iile o = 0.6 '@ -3.5502 < —2.3524 < —1.5708
- iile o = 0.7 '@ -3.5502 < —2.5858 < —1.5708
- iile o = 0.8 '@ -3.5502 < —2.7922 < —1.5708
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- iile o = 0.9 92)d —3.5502 < —2.9763 < —1.5708
_idle o =1 )8 —35502 < 3.1415 < —1.5708
. idle o =2 228 —35502 < 2.0856 < —1.5708

1 1 o I a
wldnnitia =1 vaz o = 2 Liawsai ldaumsiiueie

o g’/ ) o 4 = g d v ] A Y o A
AITUAIMTUNAIUA 1 FadunaIuadiIosa ilevonvuane A, > 8 uag ¢, >
P2 Qddy 1 % = a9
7t/3 rad/s 22147 1UIM19INT0EALLUVIATUANITNDONULUAUNUYDIANIUANT 10f A28
o 1 1 3‘; A A = 1 o ﬂJd'
nMsnvuaal o € [0.5, 0.9] muu oI a0 =193 2 Tsieunsariildideu Tuly
<3| a Y Y @ ~ 2y an A
duns (2.22) 1Wuase14 vindesmsesnuuudiniuquii loAdreuuiniemsesnuuuIs i
4 Id a 1o [ o o
Taolvieu luluaunms 2.22) WHusswmnardmio a e [0.5, 2] muamuziives Wang,
Fung 118% Zhang (1999) 1@ uiiun1ssuguar a nsefmua A, uaz ¢, Ndoin1sln
Z A =2 o A I a A
amuTuaoud 2 19 4 aunseniastvdeuiou lvluauns 2.22) 1Wuasannade a e [0.5,
Y
2] Jsduiumsesnuunlutuneuae 14
Tunoui 5 Auauny K, 11naums (2.23)
- ilo o = 05 wld K, = 0.1407
- ilo o = 0.6 ld K, = 0.2526
- e o = 0.7 ld K, = 0.3810
- 1ilo o = 0.8 wld K, = 0.5239
o a =09 wla K, = 06791

o—

v
g

Tunouil 6 11A1ANNDAATINEAT VY (g ) NNTUNT (2.24)

- 1o a =05 wld o, = 03573
- o o = 0.6 wld o, = 0.4146
- o o = 0.7 wld o, = 04792
- 1o a = 08 w4 o, = 05498
- i o = 09 wld o, = 0.6255

9
& d‘ o 7
VYUADUN 7 ATUIN Xp 1oy Xg 22 181

- iflo a = 05 wld X, = -02486 uaz X, = —1.0749 awdy
- iflo a = 06 9ld X, = -0.2545 uaz X, = —1.0839 awdrdy
- ifio a = 07 wld X, = -02366 uaz X, = —1.0855 amdidy
- iflo a = 08 wld X, = -01009 uaz X, = —1.0768 mwdy
- o o = 0.9 9ld X, = -01133 way X, = 10551 mude

«
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UNUA X, waz X, asluauns (2.25) wazaums (2.26) temuIUIAUNY K, tag Kp

AN

0.3863 way Kp = 0.0174 awanau
0.4505 waz Ky = 0.0064 smwainy
0.5234 waz Ky = 0.0140 ewaiaw
0.6022 uay 0.0333 awaau
0.6840 waz Ky = 0.0610 enudau

- aile a = 05 wld K,

- iile o = 06 wld K,

- ile o = 07 w18 K

- iile o = 08 wld K,

~
O
1

- ile o = 09 wld K

o 1 @ g { 4
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Q

v A

{ A < 1 Y a
HagaUauedluIawuANUINY GM wag PM dlumuinnig Hufeszuuatlaliedesain
o A 1 A N K g ,
dwing uadiszuuratlannnsanlinaaenauedulamwunnudni GM uaz PM ifusn

?1‘1 T U A a 12 = [ A Y A Aa Y
aunag uudeszuuNta luladesamduing wazdszvuruilennansanlinanouduos
{ A 1 1 % I 1 1 1 a
TuTawunwdddl GM wie PM mlanmitaiuaiay s liewaglidiszvuaiall

A
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WiﬂuliJiJLﬁﬂfJiﬂ”IWﬁﬂJWVl‘ﬁ ”

25 UUINMIBRNUUUMINILANN oA ITIA NI K WA UL UEN
TUADUNTODNUULLAZ T1BALIDIANTUAAIRIDE 1IN TEDNILUAINILANT loAn Y

an o

o 1 oA 1 o Y a o 9 A
bi] ﬂfﬂ\j@nu‘wuiliwalﬂu‘ﬂ“uuﬂﬁl llﬂ@‘ﬁj_]’]f]ll%*luw:]m@u

& QU =) a2y A v o ) J d‘ ) o
2.5.1 TUABUM3DBNIUVINILANN 8RR IITIANIR WKL Wasa LTI HE
v = 2 9 ax o o ' oA v o A g’/
NM30eNUUUAIAILANH loAa1835 3a11em i Tnamuutud Tvuaou
9
MI0ONUUUAI
Tumouh 1 MUUATATIAIUNTHUI (L) HazANVDTITUIIA (©,) NOAIUIAN
AMUMUIUeI WAL P, , VUTSHIUBE 1INAUAT (2.16)

Tuaoui 2 NauNUMN IanasINNNAUMS (2.27)
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N(s)[s?* +2as+ (a® +b*)]e ™

- 2.27
2aD(s)s + 2aX,N(s)s’e™ —2a(a® +b*)X,N(s)e™ 227

G (s)
Taoil X, = =+ Im{_—l} +iRe{_—l}
2b Gp(pl) 2a GP(pl)

way X, SN B 94
2b | Go(p) | 2a |Gp(p.)

A A L4 ° J
Wwo  N(S) AD WIUABUDILULDIADINAIUA
A 1 o 4
D(s) B WAIUFIUVUDAULULINDDINAIUA
A 4 a o 4
L fo wardsedananveauilasanalua
& q' o [] 1 a 1 d' 9 é =
TUADUN 3 MUUAFNAIUITIVOI INAAUNADINT (M) Tz s1aana 15Ty
vinalndifes Tasndmvuald m e [3, 5]
TunouN 4 MuUIUAT Ma
& d’ 9 da! Y A Y o Y a g‘/ 1
TUADUN 5 AINIFUATIVINGA MA YUMULUND THAATUNIUAUYDITIN MINUUD Y
v
$29909A1 Kp e Ky 1zeoglusiaga ma 099aaan1uauyedsin
3 Ad' [ ! 3 =) =S
Tuaeuil 6 Muruaunu K, naz Ky vosniniuguiilodsinaunis 2.28) uag

(2.29) @1ua1AU

2 2
K, =uKP —(a® +b%)X, (2.28)
2a
1
Ko = Kp+ X, (2.29)

U U U = 2 Y A v o L} \ d' ] o

25.2 ﬂ?ﬂﬂ"l\‘lﬂ"li@f’)ﬂ!!‘]J‘lJﬂ'Jﬂ'J‘Uf’;INWﬂ@ﬂﬂ?ﬂ?ﬁﬁ]ﬂ?]\‘lﬂ"Il!“l’i‘l!\‘ﬂwmﬂu‘i’llﬂluﬂ"l
Y 9y a J [ 9 a g’/ o Y 1 =
ﬁ@\?ﬂWiGIfH'Wﬁﬂﬂﬂﬁu@ﬁﬂl@ﬁi%°]J°]J'N°]JﬂG]f)ﬁm@WﬂlﬂWﬁ@ﬂﬂluﬂuqﬂﬂuﬁﬁuﬂﬂN

Ysuamsyunudeenusominy 8% (P.O. < 8%) uaziivasand i liuiunii 8.25

9
=) £

4
W (t, < 8.255) MBINMIMUIBAUNUUDIAIAIANT ToANTUABUAIL
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=

Fumoui 1 MUIUNIAWNUIV03] TN UDUTE IR

- e H = P.O. < 8% %181 ¢ > 0.6266

- iile t, < 8.255 1218 o, < 0.7738

- dlounus ¢ uag o, aaluaunsii 2.16) 92184 p, , = —0.4848 + j0.6031
Funoudi 2 A X, uaz X, tienausuninlafasinnnaunis 2.27)

- fwwma X, agld

X, = 1 Im 1 + 1 Re 1
' 2(0.6031) | G(-0.4848 + j0.6031) 2(0.4848) | G(-0.4848 + j0.6031)

X, = 1 Im 1 + 1 Re 1
' 2(0.6031) | 0.1436 — j1.8351 2(0.4848) | 0.1436 — j1.8351

1 1

X, =———(-05416) + —————(—0.0424) = —0.4928
2(0.6031) 2(0.4848)

- A X, 1wl

X, = L Im L L 1 Re -1
> 2(0.6031) | G(~0.4848 + j0.6031) 2(0.4848) | G(—0.4848 + j0.6031)

1 -1 1 -1
X, = Im - - Re -
2(0.6031) 0.1436 — j1.8351 2(0.4848) 0.1436 — j1.8351

1 1

X,=—-—(-0.5416) — ——(-0.0424) = —0.4053
2(0.6031) 2(0.4848)

A A L4 o I T3
Mo N(S) Av WAIANUDILUUTIA0INAIUA AU 1

A L 13 (= DA
D(s) An waaIuvesuusaeanaIug uauiu

0.01563s* +0.2344 s* +1.094 s> +1.875s+1

A J a o a1 g
L Ao WanUszIaveauuTIasInaIua danilu 0
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- nnaums 2.27) 1214

— N(s)[s? +2as + (a® +b*)]e ™
G(s)= 215 _ 2, 12 s
2aD(s)s + 2aX,N(s)s‘e 2a(a” +b°) X N(s)e

s +0.9697s +0.5988

G(S): 5 4 3 2
0.01516s° +0.2273s"* +1.061s° +1.425s° +0.9697s + 0.2861

v

Y < f
- fJnlﬂLLNUﬂAIWIaﬂﬁﬁﬁlﬂﬁnﬂﬁuﬂ”ﬁ (2.27) %]’léﬁﬂu \‘]ﬁ

Root Locus
15

Root Locus Plant 1 For P.O.=8% Ts=8.25s
10 —

Imaginary Axis (seconds™)

“10F 4

15 1 1 1 1
-25 -20 -15 -10 -5 0 5

Real Axis (seconds™)

{ o 4 y o
37 2.8 upuamTanasinwaiua 1 lemwua P.O. < 8% uazt, < 8.25s

& d' o 1 1 a U d’ 9 é 1aA a
Tunoui 3 MvuarledIussves Inawuideants (m) ¥ ludid Islunsnu
Tndifes Tasdndmvuald m e [3, 5]
v Y
- Tunusmvualdim =3, 4 uaz 5 audien

JUADUN 4 MUIAUAT Ma

- sl m=3 azld ma = 3x-04848 = —1.4545
4 x —0.4848 = —1.9394

- nstl m=5 azld ma = 5x-0.4848 = —2.4242

- sl m=4 14 ma
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¥ v Y 1] b4
Tuaoui 5 a1ndunII1nga ma yumuuuie Iidadumauauueesn 1Intue U

9
$2903A1 Kp aariun Ky 9z0g 1141990 ma 99adan1a@uvedsn

v
- nsgi m=3amduasininga ma = -1.4545 auiuaz lanaunu Ky

0.348 way Kp = 3.47 anudau awaaslugilin 2.9

Root Locus
15 T T T T

— m=3 System: m=3

Gain: 3.47
10 Pole: -1.45 + 4.61i
Damping: 0.301
Overshoot (%): 37.1
Frequency (rad/s): 4.84

Overshoot (%): 0
Frequency (rad/s): 1.45

10 F

15 1 ! 1 1

o 5f

=]

c

o

3 /
2

2 0 >1. T l@
i System: m=3

g Gain: 0.348

'@ sk Pole: -1.45

E Damping: 1

®

-25 -20 =18 -10 -5

Real Axis (seconds™)

{ [ 4 4 °
31U 2.9 ununmlanasinwaiua 1 Wemwua P.O. <8% uazt, < 8.25s nsaim=3

Y
- nstl m=4 amduasenngas ma = -1.9394 auiuezlanaunu Kp

0.474 waz Ky = 2.01 anudrau aweaaslugin 2.10



Root Locus
15 T T T T
System: m=4
10} Gain: 2.01
Pole: -1.94 + 3.52i
Damping: 0.483
Overshoot (%): 17.7
“-% 5F Frequency (rad/s): 4.02
c
o
8 /
2
s o 1 (ag
i System: m=4
g Gain: 0.474
'@ 5L Pole: -1.94
£ Damping: 1
Overshoot (%): 0
Frequency (rad/s): 1.94
_10 -
-15 1 1 1 1
-25 -20 -15 -10 -5
Real Axis (seconds™)

G

9
- st m=5a1nduaseinga ma = —2.4242 auiuaz ldnaunu K

0.539 waz K, = L1eudau awaailuzili 2.11

S

Root Locus
15 T T T T
— m=5
10} Sy§tem: m=5
Gain: 1.1
Pole: -2.42 + 2.34i
Damping: 0.718
.g; 5| Overshoot (%): 3.92
‘% Frequency (rad/s): 3.36
3
2
g 0 1. /I%
i System: m=5
g Gain: 0.539
'@ sk Pole: -2.43
£ Damping: 1
Overshoot (%): 0
Frequency (rad/s): 2.43
_10 -
.15 1 1 1 1
-25 -20 -15 -10 -5
Real Axis (seconds™)
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5107 2.10 uwumlanasinuaiud 1 tiemuua P.O.<8% uazt. < 8.25sn3aim=4

g 211 urunmladasinwaiud 1 illeimua P.O. < 8% wagt, < 8.25s ns@im=5
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Funouii 6 Annasuny K, vesnnuguiiled mnaums 2.28) I4dai
- ns@l m=3 4o K, = 0348 18 K, =0.5099
- nsdl m=3 e K, = 3470 %218 K, =2.4377
- nsdl m=4 e K, = 0474 w18 K, = 05878
- sl m=4 e K, = 2010 wld K, =1.5362
- nsdl m=5 ile K, = 0539 vld K, =0.6279
- nsdl m=5 ile K, = 1100 18 K, =0.9743
fuasuny Ky vesminuauiiled vinaums (2.29) 14wl
- n3@l m=3 e Ko = 0.348 9218 K, = —0.0465
- n3@l m=3 e Ko = 3470 w21} K, = 3.1731

- n3@l m=4 e Kp = 0474 218 K, = 0.0835
- n3@l m=4 e Kp = 2010 18 K, = 1.6675
- n3@l m=5 e Ky = 0539 w18 K, = 0.1505
- n3@l m=5 e Ky = 1100 w18 K, = 0.7290
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Pole-Zero Map
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Root Locus

System: Plant|3 m =3
Gain: 0.584
Pole: -1.71 ]
Damping: 1 &
Overshoot (%) 0
Frequency (radis) 1.71
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Pole-Zero Map
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@ 0B B
5 0.4 e
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Bode Diagram

Magnitude (dB)
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10 10 10
Frequency (radis)
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urunmTuafuaaslugli 3.62 o5u1eldnszuuniidin1uqy vaneudueslu
Tawun1ual GM = 17.07 dB uaz PM = 109.35° 1iufeszuuatlaimdesmndunnia

dda! v S Y A 1 = Y
mmuazagalummmmum DIUNITTUNIUIINNIYUBDN i$UU%$1Nm1ﬂlﬁﬂﬂiﬂ1Whlﬂﬂﬁl

v , o : o
M3 3.19 AUNUYDIAIAIUAN aussouz Tulamunaas Tamunud (Wa1ua 3)

AUNUAIAILAY ausyougluTawunaas Tamuanud
|k Lol g | Po[ oM PM ] o | o
(s) (s
I b ' () (%) (dB) (deg) | (rad/s) | (rad/s)
wWaud - - 41 [ 791 | — | 1010 | oo |1.182] 0
EFAT RIS
0.0672 | 0.2081 | 38.5 | 73.6 | — | 17.07 | 109.35 | 1.4774 | 0.0801
Ko = 0.584

A A Y} s o AN A 9 A o
Lll’f)i%‘]_lll’NﬂﬂﬂigﬂﬂﬂﬂﬁlﬂWQWHﬁ 3 uazmmmuw“laﬂ mﬂmu’mw‘n 3A1UIU

1 % ] 4 o { ] { g‘; v 1

mmummmmmu ”lummm“vmwwmuﬁmﬂcl,f?f"i’faﬂmuﬂﬁﬁmmawﬁﬁﬁﬁumwwwm
Y A a Y 1 Ay ¥ o o q ¥
mn‘vmmm1ﬂwa@auauawmwmusﬁ"lﬂ IWIIEAUNU KP “lflvlﬂ%'lﬂlmuﬂﬂ/‘liﬁﬂﬁﬁ1ﬂ ’1]%7]111’?

al A ' v a) = A A
i$1J‘1J’N‘IJﬂllIW'ﬁ’ﬂQ‘V]Nﬂ1uﬂl31ﬂl@ﬂigu1ﬂlﬂﬁlla$‘igﬂﬂ’J\i‘l]ﬂ"lﬂmﬁﬂﬂiﬂWW U Mua



91

A X a 9 A X ' Y A '
WY szuvetlavs limanevauealu TamunantsIana1vHLaz ¥ NI NUIUAN
(= [=Y 'o [ ° Y = Yy a Y o
ualSnamanaunudng M ldaussouzvesnanoudueaiuul IHuAUMINToMUUANIN
2 A IA ~ 1= o .. Y1
U L‘L!’fNﬁ]”lﬂWa1u@]ﬂi’JS$U‘]J‘VIUl§J3JL1/\|ﬁWIfjﬂ (Non-Minimum Phase System) ﬁ]z"lﬂ’mmmq
Hadeszuud lulinladmgagudonu Mlvwaneudueslisrsandinuiunindemvua
] a 1% v A
UATLUVINAUEDeTMNFUNNTNANIN
o ° { g
waud 4 meldvedmuanldoenuuuie P.O. < 10 % uag t, < 55 Jeszyilu
alwaau1dfe p,, = —0.8000 +j1.0915 WoW1TVIANNT (2.27) AIWITAVIAUHUATN

Tanas1n (MaAusIn) emsoenuuuinILauil lod laasgln 3.63

U

System: Plant 4 m=3
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Step Response
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Root Locus
3F T T T T T T =

Plant 5 L=62.666 Ts=26.6

System: Plant 5 L=62.666 Ts=26.6
Gain: 4.95e-09

Pole: -0.45 + 0.000337i

Damping: 1

Overshoot (%): 0

Frequency (rad/s): 0.45

Imaginary Axis (seconds™?)

0 =
-1F u .
System: Plant 5 L=62.666 Ts=26.6  System: Plant 5 L=62.666 Ts=26.6
Gain: 2.77 Gain: 0
2} Pole: -0.45 - 3.03i Pole: -0.15 - 1.01i
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Overshoot (%): 62.8 Overshoot (%): 62.7
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Root Locus
4 T T T T T |
Plant 5 L=68.1896876 Ts=33.33
3F u
oLk System: Plant 5 L=68.1896876 Ts=33.33 i
Gain: 5.88e-05
a~ Pole: -0.48 + 0.0157i
g 1} Darmping: 0.999 ® i
3 Overshoot (%): 0
& Frequency (rad/s): 0.48
@ 0 | |
2
=
£ 4} [ 4
(=2
g System: Plant 5 L=68.1896876 Ts=3]
- System: Plant 5 L=68.1896876 Ts=33.33 Gain: 0.724
2r Gain: 3.72 Pole: -0.12 - .985i
Pole: -0.48 - 3.94i Damping: 0.121
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-4 N | Il Il Il 1
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o2 . b
T UURYUNMINUN 0 = tan—l(—j
a

Yuaoui 2 ldaunis 2.27) Naurunnlanasn

Yunouh 3 Mviuald Kp i, > max{2aXy , —2aXz} fie misuduvesnnny Ky

v
=

Tagh x1=i|m[__l}ri|q{_—l} :
2b Gp(pl) 2a GP(pl)

Xz =i |m|:_—1i|—iRe|:_—li|
2b G, ( pl) 2a Gp ( pl)

1 d' o Y (% v @ a A 1 Qy A &' =
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Mudnelevesszinuea Hufessuunadediadesam vazdmuald Ky = Ko i,

Tuaouh 4 ldauns (2.28) uag (2.29) Awmannu K, uaz Ky amd1ay

L4 v
4 =

Tunouil 5 asnvdounHanouaueIaedyaIuIuiy lanilaniielianuianaia
lugaiuzeddd lime(t) = lims-E(s) = 0 3ol Tash E(s) = Z{e(t)} uag R(s) = (1/s)
t—oo S—>

a

Vv v
(Foya 181999130 setpoint AodyanavUiU lanilaniag) 81 limet) = 0 Irdudiuns
toow
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Tuneun 7 lFaums 4.1) uag (4.2) Mutawa E@S) waz E(-s)

_ B, (S)
SO A T AGET @
E(-s) By(=5) 42)
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Tagil  B,(s) = 2aD(s) , A (s) = 2asD(s) ua
A(S) = 2a(Kys® + K,s + KN(s)
A(s) = [(Kp +2aX,)s” + 2aKs + (a +b°)(K, — 2aX,) |N(s)

Tuaouil 8 MulruAInNAANAIAMaId03591 (SE) Tneldgasaaiiaussous

fagel1il
Jy = Tez(t)dt (4.3)
0
k
Jo = =D Res[E(s)-E(-s) ; p/] (4.4)

Tagf k AotiuauInaves E(s)-E(-s) Nogmedunilovesszuiued s1lwa p; folwa

H 9 1 90’ 1
A1yl Twas v 1dn

Res[E(s)-E(-S) ; pi] = slmp‘, (s — pi)-E(S)-E(-s) (4.5)

Y
CI 2

1y A A Y
uat1Iwa p; Ao lwafgnur @2 e ldn

Res[E(s).E(_s) ; pl] — (r i‘l)l SILngI d™ [(S - pizsr'lf(s)- E(_ S)] (4.6)

a

& d’ o aa a ~ Y A a
YUABUN 9 AUIUKNAUINITFAIVDY E(S)-E(-S) HALINISFAN 18 Ao ANuHANA1A

1 9
1 =

Y v
MaIaedsIn (RauINITFAHLA NN UAIN 1A91nMsoURINTA 62 AUANaITUAN (t =
o 4 a a [ 1 [] o
0) MWDINAPUUA (t — o0) msrIzMIdURINIARINA1 liasoi1la laense) (Hwang and
Hsiao, 2002)
& d' Y = ax Y = = A = any Y o w
VYHADUN 10 Gl‘]ﬁ%!fﬂEl‘U’J‘ﬁﬂﬁﬂuTﬂéU@\Wn‘UquG]f NIDILLVYVITNITAUNINIAIT TN
A 1 A 1 o a %} g’/ lg’J d‘ = d’ 9y 1
Gluﬂmwnmmu Ko #ioaaaunid Ko HazauuuN1ssIaduasuaoun 4 09 9 INDAUKIAN
P P

iy Kp MvhIdanuranaafidsgesswiinmdosnga (Jg ) (minimum ISE)
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Ay 1Y o Y o Hq 9 a A , Y1
luwnnndedmua @udeivuaildoonuuu@y) uazie 0 ~ 6 wilszualdn
g1 Iuminiag (€) hinasuulasningy

& d' Y = ax Y = = A = axy Y o w
Tunaun 13 lesziisnITnsaumIve il Tuwa® nieslisuIsNMIAUNINIaITY
lumsiuannu Ky vieaaaunu Ky uagldauns 2.28) uag (2.29) Muiumaunu K,
g’/ J v v =y [ o a
waz Kp 9nuuminanguais Teuveassuuiaila asuidiiuri lnavedssuuaila uag
o Aa 3 ¥ = ) , A ' Y o A 3 ? =
autiumss luvuaaui 12 1y 6’ YAWANAININYY O dosdutumssrluduaoui 12
9
UaY 13 aUNNYN 0’ %xﬁmmmuw‘%aiﬂﬁﬁmﬂuyu 0 asiuag laaunu Kp , K| ttag Ky
A Y = < Y o Y
nianurnzaysesasw uaz ldnaneuauesvesszuu1taiiuliamdeiiuauas 1da
mmﬁﬂwmﬂﬁwﬁqﬁmimﬁ’aaﬁqmmummmn (Jo.near min) (near minimum ISE)

9
[ Y

Y1 (J = A o [ @ ~ 2 9
muu%"lﬂmmummmmmnw”laﬂmmmzmmq ﬂﬁ@@ﬂ!mﬂ@]’)ﬂ’)ﬂﬂquﬂﬂﬂ’w
a o

MWaaredmumvis Inawunivduag IdannuAanaamasdesswtiosngaunumung ay

A qu 79 Y I3 A v
LW@GI)G]SG]S@!GD'EIWQWHWTH'N@TNiiﬂugWa@]@ﬂﬁu@ﬁlﬂuqﬂ@]'mﬂﬁﬂﬂﬂ'ﬁ

Y v Y =\ S Y as Y o | LAl
4.3 ﬂ’JﬂEJ"IQﬂ”lii’)i’)ﬂ!!‘lj‘ljﬂjﬂlﬂﬂNwl'l@ﬂﬂJﬂJﬁmi%ﬂTlx‘lﬂ”llmuﬂi‘l/‘lﬁiﬂfﬂﬁﬂ”l
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Fo4MIauITOUZVIHARBLAUBUTHIRBIT LN NI BRNUU LT Rt T Mua
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- detmua t, < 8.25s azldN o, < 0.7738

- unud ¢ uag o, adluaunsi 2.16) o2& P, = —0.4848 £ j0.6031

0.6031) _
0.4848

o 1 1 1 I b
- mMurmyumInivess Inamu 1A 6 = tanl(—j =tan1(
a

0.8936 151981

= o ! A [
HUADUN 2 ATUIUNIM Xl uae X2 WONAUAUNN TANTTINNINTUNIS (2.27)

- MummIa Xi 910 Xlzilm[ = }iRe[_—l} wld
2b [ Ge(p) | 22 [ Ge(py)

See

X, = 1 Im_ 1 + 1 Re 1
' 2(0.6031) | G(-0.4848 + j0.6031) 2(0.4848) | G(-0.4848 + j0.6031)

X, = 1 Im_ 1 + 1 Re 1
' 2(0.6031) | 0.1436 — j1.8351 2(0.4848) | 0.1436 — j1.8351

1 1

X, =———(-0.5416) + ————(—0.0424) = —0.4928
2(0.6031) 2(0.4848)

- M Xz 9 X2:2—1blmL;_(1 )}—%Re{G_(l )} w18
P pl a P pl

X, = L Im Lo il 1 Re -1
? 2(0.6031) | G(-0.4848 + j0.6031) 2(0.4848) | G(—0.4848 + j0.6031)

1 i -1 1 -1
X, = Im - - Re -
2(0.6031) | 0.1436 — j1.8351] 2(0.4848) | 0.1436 — j1.8351

1 1

X,=—-—(-0.5416) — ——(-0.0424) = —0.4053
2(0.6031) 2(0.4848)

Jd A

e N(s) e wnvestandunieTeuveanaiud ianilu 1

D(s) #fe aiuveslanduaslouveanarud iauiy

0.01563s" + 0.2344s® + 1.094s*+ 1.875s + 1
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L Ao Uszdanavesnarua nauilu 0
Y
- 91IAUMI (2.27) e ld

G(s) = N(s)[s* + 2as + (a® + b*)e™
2aD(s)s + 2aX,N(s)s’e™™ - 2a(a® + b?)X,N(s)e™™

s +0.9697s + 0.5988

G(S) = 5 7 3 2
0.01516s> + 0.2273s” + 1.061s® + 1.425s° + 0.9697s + 0.2861

o Y v dy
- Mauwunn lanasinunaums (2.27) Ulﬂ JU

System: Root Locus Plant 1 For P.0.=8% Ts=8.25s
Gain: 11.2

Pole: -0.0152 + 7.43i

Damping: 0.00205

10F Overshoot (%): 99.4 4
Frequency (rad/s): 7.43

55—

o
T
1

o
x| x
®

Imaginary Axis (seconds™)
5
T
1

10 F .
Root Locus Plant 1 For P.0.=8% Ts=8.25s

.15 1 1 1 1
-25 -20 -15 -10 -5 0 5

Real Axis (seconds™)

4 o s A °
JUN 4.1 pwunmlanasinwarua 1 dlaandedmua P.O. < 8 % uaz t, < 8.25s

S 0 A 1 d‘ o Y v (T a
wazuauny Kp o =11.2 ApANM IR landve931nAANULAUIUANIN

;Tumuﬁ 3mmuaauny Kp Sudu vnidenlvauns Kpmin > Max{2aX,,
—2aX,} 12 18971 Kp i > Max{2(0.4848)(~0.4928) , —2(0.4848)(~0.4053)} 11 o
Kp min > Max {-0.4778 , 0.3930} Fafu Kpmin > 0.3930 e A1zuduvesnuny K, uag
nngilit 4.1 wsifudiaunu Kp = 11.2 Huaiiiild Tadasindaduunuiuanin iy

1 1 t:" 1 w ﬂslll 1 4 1 1 1
HNEANUNMAUFAVDIAUNU K, W30 Kp max = 11.2 aaiuvz Iduilonnny Kp 1198
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Tus99 Kppin < Kp < Ko 5200020901000z Tnannaeglududroiioves
FTUNIOALAND
Funordi 4 fviuald Kp = Kpmin =0.3930 Anmaunu K, uaz Kp
- naums (2.28) wwlanunu K, = 0.5377
- naums (2.29) alanunu Ky = —0.00004858
Funouii s m’mﬁau”jmamuﬁum@iaﬁ’tywmq‘?uﬁu"lwﬁwﬂwﬁmmﬁﬂwmﬂ
Tudnuzegar lime(®) = limsE(s) = 0 wiely Teeit E(s) = Z{e(t)} uaz R(s) =
(1/s) lime(t) = 0 Tdduiunsae 1
- WUM lime®) = 0 dutunsae
%umwﬁ6ma%ﬁaudﬂwaﬁumiwmﬁJﬂnﬂﬁaﬁﬁumﬁwgicluﬁ’mcffwﬁamm
szuueanio’ltl mszdd Inadausniiadiitulegludmvnilovesszumeanioeguu

uAUAUANW uaasnszuunIugule bifiafesnwm ude limet) — o
t—>oo

dunraTnavesszuuladanldiflugail —7.8565 , —4.5705 . —1.6001 ta
~0.4848 +j0.6031 FatiuiiloszuuaInaualafie@usn1n (stable) 34
autiumsae 11

umauN 7 Mudw E(S) uag E(-S)

See

B, (8)
A(s) + A(s)e ™

- nnaums 4.1 ald E(s) =

B 0.01516s* + 0.2273s® + 1.061s* + 1.818s + 0.9697
0.01516s° + 0.2273s* +1.061s* + 1.818s* + 1.351s + 0.5214

E(s)

B0 (_S)
A (-8) + A(-s)e”

- naums (4.2) wla E(=s) =

—0.01516s* + 0.2273s® — 1.061s* + 1.818s — 0.9697

E(-s) =
s) 0.01516s° — 0.2273s* + 1.061s> — 1.818s” + 1.351s — 0.5214

Taoii  D(s) = 0.01563s* + 0.2344s® + 1.094s? + 1.875s + 1

B,(s) = 2aD(s) = 0.01516s* + 0.2273s® + 1.061s? + 1.818s + 0.9697
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A,(s) = 2asD(s) = 0.01516s° + 0.2273s* +1.061s* + 1.818s + 0.9697s
A(s) = 2a(K,ys® + Kps + K, )N(s)

A(s) = [(K, +2aX,)s® + 2aK,s + (a° + b*)(K, — 2aX,) [N(s)

—4.711e -05s° + 0.3811s + 0.5214

A(s)

waz  D(-s) = 0.01563s* — 0.2344s’ + 1.094s” — 1.875s + 1

B,(-s) = 2aD(-s) = 0.01516s* — 0.2273s® + 1.061s* — 1.818s + 0.9697

A,(-s) = 2a(-s)D(-s) = —0.01516s" + 0.2273s* — 1.061s° + 1.818s° — 0.9697s

A(=s) 2a(Kp (-5)° + Kp (=) + K, )N(-5)

A(-s) = [(K,+2aX,)(-s)* + 2aK,(-s) + (a® + b*)(K, — 2aX,) [N(-s)
A(-s) = —4.711e—05s* — 0.3811s + 0.5214

Funouf 8 E(s)-E(-s) HInanndalegludunisdudieiionazauuniioves

EATRM TGN @quj —7.8565,7.8565, -4.5705, 4.5705, -1.6001 , 1.6001 , —0.4848 +
j0.6031 1tz 0.4848 +j0.6031

- IAANNT (4.3) ANNTOMUINUAIAIINAANAIARIAI809591 (ISE) Taold

gaIAFUAUITOUE Feozfimumitunaninsdaves Es)-E(-s) luaunis 4.4) 3

MNIMAMANUAANAIAMEIA03323 (ISE) MNHAUINTTA1DY E(S)-E(-S) Taii

k fos1uauTnaves E(s)E(=s) egnudmunievesszuived d1lna p;fie

Twad hilsTwadn a2 18 deasamsdaives E)E(Ss) anauns &.5) uad

Tna p; AeTwafigmuy r #9218 deamuinsdaives E(s)-E(-s) 3nauns

(4.6) 11103910 Tnaves E(S)-E(-s) Nognsdmaniloussszuiuod Ao 7.8565
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45705 , 1.6001 naz 0.4848 +j0.6031 fuTnadluils Iwag fs1mau 5 Twa
(k=5 21dN

- INAUMT (4.5) MUIUITAWY E(S)-E(-S)

E = E(s)-E(-s)
B —0.00022975s® +0.019515° + 3.469e —18s° —0.3283s* —2.776e —17s> +1.248s® — 0.9403
0.0002297s'0-0.01951s® —6.939e —18s” +0.3398s° — 2.602e —17s° —0.6767s* —1.11e —165° — 0.07146s> — 0.2719

Res[E(S)E(-s) : pl = lim (s - p)E(S)}E(-S)

= HI|7r_r;565(s—7.8565)-E(s)oE(—s) = 0.0023
= SJ'{ng,(s_4'5705)'E(5)'E(_5) = -0.0230
= lim (s—1.6001)-E(s)-E(-s) = 0.0698

s — 1.6001

- lim  (s—0.4848 +j0.6031 )-E(s)-E(=s)

s — 0.4848+ j0.6031

~0.8167 — j0.2212

- lim  (s— 0.4848 — j0.6031 )-E(s)-E(-s)

s — 0.4848- j0.6031

0.8167 +j0.2212

a

& d‘ o aa a A Y A a
VUABUN 9 MUIUNAVINTFAIVDL E(S)-E(-S) HALINSBAIN 1A Ao ANURANAIA
F4 v 9 '
A89a09590 (HauINsFAIHziAuMAUAIN 1a91nn13duinsa e Auanalsuau
(t=0)3udaaretiud (t— o) maznmssuimsaaenan liamnsonldlaensa)
(Hwang and Hsiao, 2002)
- WHAVINSBA2vDY E(S)-E(-s) Av 0.0023 — 0.0230 + 0.0698 — 0.8167 +
j0.2212 — 0.8167 — j0.2212 = —1.5841 1A1Hi9991NNITAIUINITBAIT
a < a 1 Aa a 2 3}./ 1 A 9 =
TUNAN AL LAMTOUTINTA €7 AIUANAUTUAY (t = 0) IuDIIAI
o 4 Y Y a a a a <3 a
BUUA (t — 00) Yo uaU AT (contour) DUNATA TUNAAIWIANUINN
9
v v an 1
AUUNADINSFAIVOY E(S)-E(—s) abanilu 1.5841 muauns (4.4)
& d‘ 9 = any FY = = A a ax 9 o w
Tunoun 10 1¥5210evI5MsAUmveI IuwIs® Hos2IouIBTMIAUNIMGIET 1Y

4 ' ] o A H g v 2 { 4 '
lumsiiuauny Kp vieaanunu Ky tagduidumsshaaaiuaoui 4 09 9 oaunin

i Kp hldanuranaamasdesswiianiosiiga (Jg i) (minimum ISE)
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1w A Y o ] 1 b 2 A Y Y
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g’/ J v v =Y [ o a
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o Aa 3 b = Y , S ' Y o A 3 3 =
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o %’ ?,’, lg'J { 1 aa 1 a3
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PP, + Py Ps+ PPyt PPs+ Py Ps+ PPy + Py Ps+ P3Py + P3Ps + PyPs
= —42a’ +32a+b* = 6 (.11

4 o 2 ' 4 o Ve
AAUNMT C=——11>0 aaduazldn a <E grursamulIurinialuls a lu
a

aums (.11) Tasase Tl

. 32:+./322 +168(b° —6) _4
- 84 11

do 4203636 uaz o2 03809 tude
11 84

»  32+4/32°+168(b’-6) _4

nsfia1 a i Tdansarldaumaduseld

,  32-/327+168(b>-6) _4

S =3 o Y < 2
ATNDT a 84 iN%mmiﬂ‘iﬂ”fmﬁuﬂ”ﬁlﬂui}iﬂ

o 2 32—-./32% +168(b* -6 \ ) .
U \/ ;4 ( ) > 0 22lam b2<6 tunweanun 0<b<+/6

L} 1 b Q'l
mﬂﬁumiyumiﬁmwmﬂiwa —=tan(f) vudAe b= atan(p)
a

unum b =atan(f) adluaums —42a*+32a+b? = 6 lan

—42a% +32a+a’tan’(B) = 6

(42-tan*(B))a* - 32a +6 = 0
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_32—\/322—24(42—tan2(,8)) 4

2(42-tan*(p)) hRT!

tan*(B) — 41.375tan’(B) — 26.25 < 0

| 41.375+./(41.375)% + 4(26.25)

tan’
(B) >
tan?(p) = 42, —0.625
Y 0 < tan(pB) < V42
_ 2 _ 2
NAUMIYUMIHUIIVOIY 1WA tan(B) = ol-¢ = Vi-¢ _b
co, ¢ a
_ 2
wld p = 3¢
¢
A ' 1
1o 0<tan(B) <42 zlan 0 < cos(B) <
(B) (B) N
iioenn ¢ = cos(B) sy 0<¢ <L
NrE

enanlaneasnaIunsmiieae 0 < ¢ < 0.1525
g’z o 9 v = " a A A Y o
nmiudmuadeundumilSunamswanuiamnsoszyidou ludeiua

H 2
i)
100

- o N2
7w+ [In Hj
100

¢ =



H ~2¢?
100 \(¢*-1)
22
Ho_ e
100
- 22
H= e 100

£ <0.1525 aunsomuuilsmamsianugagalan

_ |-7*(0.1525)°
(0.15252 —1)

H = x100 = 61.582%
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@ ?x‘z = 1 7 9 (% ~ = 4
auiudenanlagaglldan mindesmsesnuuudliniuaui lodvarenaiua 2 Tag
9y a A Y o Y ~ [ a £ ° [l PN
IdmatiansszyRou ludeimuasremaieudulszansvosdumisInaluszuuisia
4 o [ 1 1 I - o [ Y] I a
e liwaneuaueslidumsg namuily p,, = a+ jb TnaludwmisdaliiluTnass
R A 1 1 a 1 1 9 A I ) 1
Falszozrinndiuaseg Inawau llnndeiovuszuuweailudiuau 3 mi (m = 3)
a % 9 =1 1 1 a 1 1 9 A
Pas = 3a tazInassedrganeliszoziaandiusswesg Inamu lnsdnoiieuuszun
PAVINNNTIUIU 31171 Py = (3+C)a pe19gnApaazuiud Avsivuaou lvdSuans
Wanulumsesnuuunmelu 0% < H < 61.582 % winiviua ldUSunamsnaunuganse
1 ] a ]
u1NNI1 61.5846 % vz liawsomaaziuransuauesvedseuulstainiuldau
Y o ) Y] Y [ o A ]
domruadivsumseenuuy ldeaasiudivie lu
g’/ G ¥ ~ o a £ o 1 a
nniulszgnalsmameudulssansvosdumiaInaluszuuiialuuuinianms
o ~ Ay adow o v oA 1o A J Y

poNUUDAINILANT IR e 5 1AM e Inatauuiud o varsonaiug 2 neldnis

i1 Y
vuatou lvilfnumsyaunulosnimsominy 10 % uaasldasne il

4 3 1A I o @ 1 ]
wemualsmamsnuiwiy H < 10 % awnsofMuinsasidaIunsnit e

(o) ] (i)
100 100

= |— =7 - |~ =/ _ - 05912
¢ ) H Y / 10 Y
75+ In— 75+ In—
100 100
= 2 _ 2
awld tan(ﬂ)z\/l 4 =‘/1 (05912)° 1 3644
¢ 0.5912

b* = a*tan®(B) = (1.3644)*a’ = 1.8615a°
unua b? asluaunms (n.e) azldn

—A2a*+32a+bh* =6
42a®> —-32a-1.8615a*+6 =0
40.1385a° —32a+6 =0

. 32+/327 — (4)(40.1385)(6)
- 2(40.1385)

= 0.4957, 0.3016
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! 4 ) A
199910 a < — HuA® a< 0.3636 auiumaeufe a = 0.3016

U a 1_52 Y -9 A
unua a = 0.3016 asdluaums b = 2= > gldardauils b fe

= (0.3016)(1.3644) = 0.4115

iosnin b<6 uile b<24495 @iy b =0.4115 suilumneviigndes

o v lddwmisg Inawwily —p,, = -a+jb = —0.3016+j0.4115

4 o 1 v 1
NNAUMS € = — — 11 > 0 ensamuaummauils "lé’]}?]”l
a

-11 = -11 = 2.2626

4 4
a 0.3016

9
unuaals a b uay c a\ﬂuﬁuﬂ']ﬁ’E)'E']ﬂLLUUﬂ']ﬁl!ﬂﬁ’lllﬁ“\‘ﬂwa’l\iﬂﬂﬂq 5 AU %\‘]
o v 9 I )
ﬂ"]lﬂﬁﬂ’f]’f]ﬂll'U'U@]’lL!ﬁLNIWﬁVlﬂﬂ]uﬂ\‘]u

s=-p=-a+jb ;p=a-jb = 0.3016- j0.4115
s, =—p,=—a-jb ;p,=a+jb = 0.3016+ j0.4115
Sy =—P;=—3a Py, =3a = 3(0.3016) = 0.9048
s,=—p,=-3a ; p, =3a = 3(0.3016) = 0.9048
Ss=—p; =—(3+c)a ; p,=(3+c)a =(3+2.2626)(0.3016) = 1.5872

1 4 o 4 =Y 3 (%
vz 1811 e muatou lviSinamsyanwiu H < 10 % senuuudiniuguiile
S 9Y a = Y] a tg o [} a d' 4
asromatansfeuduilszansvesdwniaInaluszuuralaosamenalud 2 411150

ponuuudinualnaldilu p = 03016 —j0.4115, p,=0.3016 + j0.4115, p,=
0.9048, p,=0.9048 uaz p,=1.5872
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axd o o

AMumandmeidnluauii leddloitdaed s Inawuniuaiud 1n

' { @ a £ o 1 a
dumuaInanldninmsoenuuudremameuduilscansvesdriua Inaluszuuiaila 18

[

N

=he

unum Twadumad 1 (- p,) asluaums —— azldn
G(_p1)
e | - -1
G(-p) 1 1 1

((-p)+1)" (-a+jb+1)’  (-0.3016+j0.4115+1)"

-1 -1
1 1
(0.6984+j0.4115)"  (-0.2290 + j0.3661)"

-1 -1

= _ = 0.2289 — j0.3661
G(-p,) -1.2280—j1.9637

o 1 A 1 a J v =\ a1
MUIUA X1 tag Xz LWE)‘Vi1ﬂ1W1513JL@l@i@l’lﬂ’)ﬂﬂhwllﬂﬂﬁﬂllﬂ

Taii Xlzilm{ . }iRe{ L }
2b G(_pl) 2a G(_pl)

1 1

X, =—————1m[0.2289 — j0.3661] + ————Re[0.2289 — j0.3661]
2(0.4115) 2(0.3016)

X, =~ (0.3661)+—(0.2289)
0.8230 0.6032

X, =-0.4448+0.3795

X, =—0.0653
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Hay X2:i|m__1 _iRe__l
2b | G(p)] 2a |G(py)

X, =~ Im[0.2289 - j0.3661]- -~ Re[0.2289 — j0.3661]
2(0.4115) 2(0.3016)
1 1
X, = (-0.3661) - (0.2289)
0.8230 0.6032

X, = -0.4448—0.3795
X, =-0.8243
MNAUNS (2.28) Ansamuamminessiniugn K 18

_a’+b?

S Ko (@ D)X,

K,

_ 0.3016” +0.4115°
! 2(0.3016)

K, —(0.3016 +0.4115°)(~0.0653)

~0.2603
' 0.6032

K., —(0.2603)(~0.0653)

K, =0.4315K , + 0.0170 (n.12)

i1 9
Wounudurua Inaletlana 5 avluaums (n.9) ﬁ]zllﬂ"?])’ﬂ

PP, Py P, Ps = K,

(0.3016 — j0.4115)(0.3016 + j0.4115)(0.9048)(0.9048)(1.5872) = K,

0.3382 = K,
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unum K = 0.3382 asluaums (n.12) 32 ldasmsiiimesainiugu Ke fail
0.3382 =0.4315K, + 0.0170

0.4315K, = 0.3382-0.0170

K — 0.3382-0.0170
P 0.4315

K, = 0.7444

unua1 Kp = 0.7444 naz X, = -0.8243 asluauns (2.29) 1z laamiiimeidaaiugu

K, =| —~ _0.7444 |~0.8243
2(0.3016)

K, =0.4098
1 a J v ~ = o ] a ?1}1 S a =
LL‘VI'L!ﬂ”IW”Iﬁm@]ﬂiﬁ’m’J‘]JﬂquﬂﬂllﬁzﬁiuﬁuﬂI‘Wﬁ’Nﬂﬂ‘VN 5 adluaumsiyatia (n.6) D

(N.9) 1NOATINABUANINYNABIVDIFIADY

NNAUMST (1.5) 92 18N
Pt PPt Pt ps =4

0.3016 —j0.4115+0.3016 +j0.4115+0.9048+0.9048+1.5872 = 4

NAUMST (1.6) 92 18N
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PLP, + PPs+ PLPy + PiPs+ Py P+ PPy + Py Ps+ Py Py + PsPs+ Py Ps = 6
0.2603+ ( 0.2729 - j0.3723) +( 0.2729 - j0.3723) + ( 0.4787 - j0.6531)
1+(0.2729 +j0.3723) + (0.2729 + j0.3723) + (0.4787 + j0.6531)

+ 0.8187+1.4361+1.4361 =6

NNAUMST (1.7) 92 18N

PP, Ps + PP, Py + PP, Ps + PR3 Py + PLP;Ps + PP, Ps
+p2p3p4+p2p3p5+p2p4ps+p3p4p5_4: KD

0.2355+0.2355+ 0.4131+ (0.2469 — j0.3369) + ( 0.4331— j0.5910)

+(0.4331— j0.5910) + (0.2469 + j0.3369) + (0.4331 + j0.5910)

+(0.4331 +j0.5910) +1.2994 -4 = K

0.4099 = K,

1NAUMST (n.8) 32 14N

plp2p3p4+ p1p2p3p5+ p1p2p4p5+ p1p3p4p5+ p2p3p4p5 _1 = KP

0.2131+0.3738+0.3738+(0.3919 — j0.5347) +(0.3919 +j0.5347) -1 = K,

0.7445 = K,

NAUMST (1.9) 32 18N

PP P3P, Ps = KI

0.3382 = K,
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Y
aaiueg lanaamnaiimesdiniuguiiled e Kp = 0.7445, K; = 0.3382 uaz

4 4 ) S 1 L4
Kp = 0.4099 ioyarenalus 2 9 lananissiaodaniunsaindane 1

Step Response
1.4 T T
Plant 2 Without PID
1.2} Kp=0.7445 , Ki=0.3382 and Kd=0.4099 | A
1 -
L 08 R
2
é—
< 0.6 i
0.4 B
0.2f R
0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Time (s)

9
C% %

{ 1A : 1 4
517 n.2 mamevauesluTawunameduyavuiiulanilaiievoanaud 2 (without PID)

u

100335 UVNIA (with PID) Taat Kp = 0.7445 aua1ay

Bode Diagram

50 - — 7 T

Plant 2 Without PID
Kp=0.7445 , Ki=0.3382 and Kd=0.4099

o

Magnitude (dB)

&
=]
T
1

2100 L L

-90 —x -

-180

Phase (deg)

-270F 1

10 10 10 10
Frequency (rad/s)

A J . o Aa J @
qi]'IJ‘V] 1.3 LHUNIN TUAUDINAIUA 2 (without PID) L!ﬁ$i$’U’U'J\ilﬂﬂﬂﬁJWﬁ'luﬁ!mZﬁ'Jﬂ'JUﬂiJ

(with PID) Tagii K = 0.7445 adiy
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Pole-Zero Map
0.5 T
04+ x g
Kp=0.7445 , Ki=0.3382 and Kd=0.4099
0.3 '
~ 02F i
4
172}
2
S 01f N
(53
(7]
s 8
2 0
Z
2
§ -01f i
<
[=2]
©
E 02} E
-03fF E
-04fF x E
_05 1 1 1 1 1 1 1
1.6 1.4 1.2 : 1 0.8 06 04 0.2 0
Real Axis (seconds™)

31U 04w Twauaz®15ve93z1199YA (with PID) Tagh Ky = 0.7445
) Jd o ~ a Y 4 a ~ [Py}
nawamsaesan Ml aagli n.2 esuelanwaiua 2 Gzourutlan lulian
Awaw) i tr =4.94 s, ts = 9.08 s lisng P.O. ilevaenaiudaleiiniuguil leanuan
HAAOUTUBINN A UIAIV0ITz VYN al tr = 3.83 s, ts = 12.3 suay P.O. = 9.33 %
1 1 A < 4 { 4
pnnanlanszuvstlaiaussausiluliamseulumsesnuuuindesms H < 10 % ije
norsanmaneudueanIdTamuaud lugii 0.3 woldmaiudll GM = 12.0412 dB uaz
PM = -180° luaaiziszuvrudlaniinauduazdaniunuil GM = 16.1775 dB waz PM =
' 4 4 @ o a
58.4269° uaas laiuilesarenaiud 2 aredrnruauii lod v ldszuuadaiii@dosain
@ @ a’d'dda! 1 = Y A = A 9
duwinsnavuuaz lunaadesnmldhedeszvulimssuniuainmeuen 11n3U n4 0214
Nszuutlaiig Inauae pr. = -0.3016 + j0.4115 , p; = -0.8988 , ps = -0.9107 uag
12 - & Y ° ’q 9
ps =-1.5873 uaxﬂcﬂi Z12 =-0.9085 + j0.0117 Fauaaslawanissiaesanrunmsal In

' I A
Wﬁﬁﬁ]ﬂﬁu@iﬂl@\‘]igﬂﬂﬂgalulﬂﬂl"l’lﬂ !ﬂuhl‘l]GIWNNE]uhl"llﬂTiﬂﬂﬂLL‘U‘U
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A

%1510 MATLAB dmiumamnsiiimesaniuauii leddleszifenisnmsaumimasay

a

%Tao siiade narsniywey Usuilzalae Andnd gessuTu aviindennssu i, uminerdemaluladqsuis

function [xmin,fmin]=cubicsearchl(fobj,xinterval,vtol,ftol,opt)
k = 0;

ferr = inf;

% gmin = inf;

fO0 = inf;
x1 = xinterval(1);
xu = xinterval(2);
fa = feval (fobj,x1);
b = feval (fobj,xu);
ga = fgradnuml(fobj,xl);
gb = fgradnuml(fobj,xu);
if opt==
fprintf("\n K x1 Xu Xmin
fmin xu-xI1 gmin \n");
end

while (xu-x1 > vtol) && (ferr > ftol)
k = k+1;
W = 3*(fa-Ttb)/(xu-xI1)+ga+gb;
V = sqgrt(W*W-ga*gb);
U 1-(gb+V-W)/(gb-ga+2*V);
xmin xI+(xu-x)*U;
fmin feval (fobj ,xmin);
gmin fgradnuml(fobj ,xmin);
if (ga<0)&&((gmin>0) || (fmin>fa))
XU = Xmin;
fb = fmin;
gb gmin;
else
x1
fa
ga
end
ferr = abs(fO-fmin);
O = fmin;
if (opt==1)
fprintfF("%3d %12.8F %12.8F %12.8F %1l5e %15e %15e
\n",k,xI,xu,xmin,fmin,xu-xI,gmin);
%disp([k xI xu xmin fmin xu-x1 gmin]);
end
end

Xxmin;
fmin;
gmin;

return
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A

%1151n55 MATLAB dmiumamnsiiimesaniuguii leddroszidionismisumvesil Tuuad

a

%Tao siiade narsniywey Usuilzalae Andnd gessuTu awiindennssu i, uminerdemaluladqsuis

function [xmin,fmin] = Ffibosearchl(funct,a,b,error)

f(1) = 1;
f(2) = 1;
N =1;

min_error = 1;
fprintf("%8d %8d *,f(1),T(2));
while(min_error> error)
N =N+ 1;
FIN+D)=F(N)+F(N-1);
min_error = (b-a)/f(N+1);
fprintf("%8d = ,F(N+1));
if mod(N+1,10)==
fprintf("\n");
end
end
L1 = b-a;
fprintf("\n K a X1 X2 b
f((b+a)/2)\n");
for K=2:N
L2 = (F(N-K+1)/F(N+3-K))*L1;
if L2 < (L172)

L2 = L1-L2;
end
X1 = b-L2;
X2 = a+tlL2;
fa = feval(funct,a);
x1 = feval (funct,X1l);
x2 = feval (funct,X2);
fb = feval(funct,b);

fprintF("%3d %12.8F %12.8F %12.8F %12.8F ",N-
K+2,a,X1,X2,b);

if fx1 < fx2
b = X2;
elseif fx1 > fx2
a = X1;
else a = X1; b = X2 ;
end
L1 = b-a;
fmin = feval(funct, ((b+a)/2));
fprintf(" %15e \n",fmin);
end
xmin = (b+a)/2;
fmin = feval (funct,xmin);
end
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T
%1151n55 MATLAB d3ueenuuudiniuguil leadiedssansdumis Inauiniuduay ldmanudanaia

o o y A = ~ A a a o = a
YoNANTDITINUBYNFALUVIHNICTY Tag JUNT UAIAT ﬁ1éll1]‘lf1]ﬁ'3ﬂ'i'iﬂ|lwﬁ1, MﬁW]ﬂﬂWﬁﬂLWﬂTuTﬁﬂqiu‘li

Jo o J o o @ = =
/ WanFuiagulszaeddmivesnuuumniuauil lod
function error =f _H2 kp(X)

1 =Y ] ald' d'ﬂ/
//ﬂﬂuﬂ1ﬂgu1mﬂ1im%ﬂuuaz%QMJQHNWﬂmBQWa@ﬂuﬁuaﬁﬂﬁ@ﬁﬂiﬁ
s=tf("s");

L=10;
Ts=5;

/g Twaau py,

Damped_ratio=sqrt((log(L/7100))"2/((pi~2)+(1og(L/100))"2));
Wn=4/(Damped_ratio*Ts);
Polel=(-Damped_ratio*Wn)+(i*Wn*sqrt(l-Damped_ratio”2));
Pole2=(-Damped_ratio*Wn)-(i*Wn*sqrt(l-Damped_ratio™2));
a=-real(Polel);

b=imag(Polel);

I3 Jd o U 4
ﬁfYWﬁJﬂﬁQﬂ%uﬂ181@umﬂﬂwa1uﬁ

G1 =1/((0.01563*s74)+(0.2344*s73)+(1.094*s"2)+(1.875*s)+1);  %Plantl
Gp1=1/((0.01563*Pole1~4)+(0.2344*Pole1”3)+(1.094*Polel”2)
+(1.875*Polel)+1);

% G1=1/((s+1)™N4); %Plant2

% Gpl=1/((Polel™4)+(4*Polel”3)+(6*Polel"2)+(4*Polel)+1);

% G1=((-0.5*s)+1)/((s+1)"3) %Plant3

% Gpl=((-0.5*Polel)+1)/((Polel”3)+(3*Polel"2)+(3*Polel)+1);

% Gl=((s+6)"2)/(s*((s+1)"2)*(s+36)); %Plant4

% Gpl=((Polel"2)+(12*Polel)+36)/((Polel™4)+(38*Polel"3)+(73*Poleln2)
+(36*Polel));

% G1l=1/(s"3+1.2*s"2+1.2*s+1); %Plant5

% Gpl=1/((Polel”3)+(1.2*Polel”2)+(1.2*Polel)+1);

// e X tag Xz

Rel=real (-1/Gpl);

Iml=imag(-1/Gpl);
X1=((1/(2*b))*Im1)+((1/(2*a))*Rel);
X2=((1/(2*b))*ImD)-((1/(2*a))*Rel);

// MAUHUNMWNIUAUTIN

N=1;

% N=((-0.5*s)+1); Y%plant3
% N=(s+6)"2; Y%plantd
D=(0.01563*s"4)+(0.2344*s"3)+(1.094*s"2)+(1.875*s)+1; %plantl
% D=(s"N4)+(4*s"3)+(6*s"2)+(4*s)+1; Y%plant2
% D=((s"3)+(3*s"2)+(3*s)+1); %plant3
% D=((s™4)+(38*s"3)+(73*s"2)+(36*s)); %plantd
% D=((s"3)+(1.2*s"2)+(1.2*s)+1); Y%plant5

L=0;



182

Gsl=(N*(s"2+2*a*s+(a"2+b"2) ) *exp(-L*s))/ (2*a*D*s+(2*a*X2*N*s"2*

exp(-L*s))-(2*a*(a™2+b"2)*X1*N*exp(-L*s)));

rlocus(Gsl)

/ toununu Ky tiofmuimannu K, uaz K,

Kp = X;
Ki=(((@™2+b"2)/(2*a))*Kp)-((a"2+b"2)*X1);
Kd=((1/(2*a))*Kp)+X2;

%roots([Kd Kp Ki]);

// s E(s)-E(-s) tazmnnuranaiaiasdessiviosige

%
%
%
%

%
%
%
%

DS=(0.01563*s"4)+(0.2344*s"3)+(1.094*s"2)+(1.875*s)+1; Yplantl(s)

DS=(s"M4)+(4*s"3)+(6*s"2)+(4*s)+1; Yplant2(s)
DS=((s"3)+(3*s"2)+(3*s)+1); %plant3(s)
DS=((s™4)+(38*s"3)+(73*s"2)+(36*s)); Yplantd(s)
DS=((s™3)+(1.2*s"2)+(1.2*s)+1); Yplant5(s)
BO=2*a*DS;

AO=2*a*s*DS;
Al=(((Kp+(2*a*X2))*s"2)+(2*a*Kp*s)+((a™2+b"2)*(Kp-(2*a*X1))))*N;

DS_S=(0.01563*(-5)"4)+(0.2344* (-s)*3)+(1.094*(-s)"2)

+(1.875*(-s))+1; %plantl(-s)
DS_S=((-s)M)+(4*(-s)"3)+(6*(-s)"2)+(4*(-s))+1; %plant2(-s)
DS_S=(((-8)M3)+(B*(-s)"2)+(B*(-s))+1); %plant3(-s)
DS_S=(((-s)M)+(38*(-s)"3)+(73*(-s)"2)+(36*(-S))); Y%plantd(-s)
DS_S=(((-s)™3)+(1.2*(-s)"2)+(1.2*(-s))+1); %plant5(-s)

BO_S=2*a*DS_S;

AO_S=2*a*(-s)*DS_S;

Al_S=(((Kp+(2*a*X2))*(-s)"2)+(2*a*Kp*(-s))+((a"2+b"2)*(Kp-
(2*a*X1))))*N;

Z0=(1/2)*A0*B0*B0_S;
Z1=-(1/2)*A1*B0*B0_S;

Z0_S=(1/2)*A0_S*BO_S*BO;

Z1_S=-(1/2)*A1_S*B0_S*BO;

ds=(A0*A0_S)-(A1*A1_S); %de lta(s)
ds_S=(A0_S*A0)-(Al_S*Al); %delta(-s)

NZ=(Z0+(Z1*exp(-L*s)));
NZ_S=(Z0_S+(Z1_S*exp(L*s)));
DZ=ds*(AO0+(Al*exp(-L*s)));
DZ_S=ds*(A0_S+(Al_S*exp(L*s)));

ZS=(Z0+(Z1*exp(-L*s)))/ (ds*(A0+(Al*exp(-L*s))));
ZS S=(Z0_S+(Z1_S*exp(L*s)))/(ds_S*(A0_S+(Al_S*exp(L*s))));

ES=B0/ (AO+(Al*exp(-L*s)));
ES_S=BO_S/(A0_S+(Al_S*exp(L*s))):
E=ES*ES_S;

po=pole(ES);
for n=1:length(po)
if real(po(n))>0
fprintf("Do not find residue ");
fprintfF("%3.7F \n",po(n));
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return
end
end

[num,den]=tfdata(E,"v");
[r,p,k] = residue(num,den);
res=0;
for h=1:length(den)-1

if real(p(h))>0

res=res+r(h);

end

end

v Y
error = -res; //ﬁmamﬂwmmwwwmﬂﬁmmmmuﬁ}aﬂﬁq&] Wa\iﬁnﬂﬂﬁﬁﬂﬂﬁﬁlﬁj
) v g A YWY 1A o & o ) A A
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error = -res: lMUIINANDUNIN

J=-res;

Ge=Kp+(Ki/s)+(Kd*s); %Controller
G=feedback(Gc*G1,1,-1);
cllp = pole(G);
new_dam = -a;
for g=1:length(cllp)
if ((abs(real(clip(@)))>(a + 0.01))&&(abs(imag(clip(q)))>(b +

0.01)))
new_dam = cllp(q);

end
end
new_dam_ang = atan((abs(imag(new_dam)))/(abs(real(new_dam))));
% if (new_dam_ang>atan(b/a))
% return
% end

error = abs(new_dam_ang - atan(b/a));
return
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Abstract—This article concentrates on the progression from
the recent guaranteed dominant-pole placement method to the
additional pole-assignment for any of other poles so that the
performance-index of the closed-loop response becomes less or
minimum as possible and the response performance remains
within the preset requirements. Generally the pole assignment
offers an extra pair of conjugate poles at two definite points on
the left half-side of the s-plane. One type of the benchmark plants
is regulated by the PID controller which its three gains are
provided through both these pole placement and assignment
methods. The polynomial equation will be proposed to establish
its roots as the existence or absence of such a pair of conjugate
poles. When compared to another example ignoring the
requirements, the closed-loop response will be enhanced if these
conjugate poles are recognized. Without a pair of them, the
response with performance nearer to the requirements will be
preferred.

Index Terms—Benchmark plant, conjugate-pole assignment,
dominant-pole placement, PID controller, polynomial equation.

1. INTRODUCTION

The PID controller has been exploited widely for process
control and plenty of compensation against the behavior of the
linear time-invariant plants. There has been a variety of vast
techniques for designing and tuning the three gains of such a
PID controller in time and frequency domains [1]. Among
them one method for guaranteed dominant-pole placement has
become effective with the selective fourth-order stable plant
bearing two real double-poles [2]. A pair of dominant-poles
being complex-conjugate typifies the requirements on the
closed-loop response, such as overshoot and settling-time. In
order to ensure the dominance of them and the closed-loop
stability, all the closed-loop poles must lie in the left half-side
of the s-plane and any of other poles have to be located at least
thrice more distantly from the imaginary axis than the
dominant-poles are done. Therein the response curve could be
regulated towards performance what is needed under those
requirements. One controller parameter is employed as the
variable gain and all other parameters are derived from the
characteristic equation in terms of this gain so that such fixed
dominant-poles and other poles movable along their root-loci
are encountered. How the variable gain should be varied in
order to improve the performance-index of the closed-loop
response to become lower or minimum as feasible together

978-1-4799-3174-3/14/$31.00 ©2014 IEEE

Sarawut Sujitjorn

Synchrotron light research institute (Public organization)
111, University avenue, Muang district, Nakhon ratchasima,
30000, Thailand, sarawut.sujitjorn@slri.or.th

with the response performance being simultaneously within the
requirements will be further investigated for a benchmark plant
compensated by the PID controller. As stated improvement
some of other poles often become an extra pair of conjugate
pole and another is one real pole. Moreover, the existence of
such a pair of conjugate poles will be also verified from the
proposed polynomial equation. The contents of the paper are
organized as follows. The benchmark plant will be declared
and the method on guaranteed dominant-pole placement as
well as the evaluation of one performance-index is reviewed
briefly. The decision on an extra pair of conjugate poles and
such a proposed polynomial equation will be clarified. Some
illustrations also are exemplified and finally the conclusion is
summarized.

II. PRELIMINARY AND REVIEW

When the benchmark plant is considered for the purpose in
testing, its transfer function is designated as

N
G,(s) = ! ML

(s+1)(ys+1)(yzs+1)(~ﬁs+1) Dis)

2

at 7 = 0.5[3]. On the other portion of the overall system, the
PID controller serving compensation to such a plant has its
form of

GJs) = K, + L9 +K 5. )
S

The closed-loop system that consists of the above plant and
controller belongs to the unity feedback one. The three gains of
the PID controller are determined through three following
procedures. With beginning the first step a pair of closed-loop
complex-conjugate dominant-poles that are denoted as Py, =
—a t jb must be assigned from the performance requirements
of the closed-loop response in time or frequency domain
Herein, prescribing the percent overshoot and the settling-time

of the unit-step response by p, , = ={o,tj0,¢1-¢* and @, =
(46T ) allows the dominant-poles to be placed at two certain

points on the left half-side of the s-plane [4]. The percent
overshoot H is able to be converted into the damping ratio via
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= M and @, is the undamped natural

72+ (Inf0.01- 7))
frequency. In the next stage two design formulae are adopted to
indicate the relation between K, and K, as well as between K,

2 2
and K. These formulae are K, = %KP —d+ bZ)X1 and

1
k,= EKPJrXZ where

1

-1 1 -1
X = —TIm + —Re and
Y2 {GPEEI } 2a {GP Vo }

. Such formulae reduce

Lm{f_l} - LR{*_I
) Ge (Pl ) 2a G (Pl )
the original problem to the one-parameter issue [2]. Thereafter,
the nterval of K, has to be specified such that all the closed-
loop poles except the chosen dominant-poles are within the
desired region in the left half-side of the s-plane. These closed-
loop poles are located off the dominant-poles at the left of the
line s = —ma where gives the ratio of the real part of them to —a
which exceeds m. Usually the m 1s setto be 3to 5.

Some of the other closed-loop poles apart from the
dominant-poles could be selected as a pair of conjugate ones.
The different values of Kp affect the performance-index J=

[e*(t)dt . Tn each time of progress the K, would be changed
0

from the previous value, which makes K, and K, also alters,
and then the error of the closed-loop response is observed to
evaluate this relevant performance-index. In another way the
residue integration method is introduced in calculating the
performance-index that is integral of squared error (ISE)
without running the closed-loop system [5]. The procedure
regarding the aforementioned calculation can be found out
.

from J = L f[(E(s)E(—s))ds E(s) = A

J2m 1+GC(S)GP(S)

1. .
stands for the response error. R(s) = — is the unit-step
s

reference. When the X, is varied to an only appropriate value,
such a computed performance-index becomes minimum.

IIT. ASSIGNMENT OF AN EXTRA PAIR OF CONJUGATE POLES

If the closed-loop response manifests either larger
overshoot or longer settling-time or both of them than the
requirements, this situation signifies that there are another
(extra) parr of corjugate poles lying near the imaginary axis
and likely nearer than the dominant ones. The K, should be
readjusted so that the extra conjugate poles are farther away
from the mmaginary axis. This distance brings the overshoot
and settling-time being limited to some extents that are less
than the predetermined values while the ISE should be
preserved at the lowest one as possible. A plain and useful
manner achieving the objective is to impose the angle of the
extra conjugate poles to coincide with the damping angle (¢ =

icos_l(C)) of the dominant ones so long as the modulus (or

magnitude) of the conjugate pole is at least thrice more than the
modulus of the dominant ones (m > 3) and these conjugate
poles also exist on the root-loci caused by K, variation. There

is an analytical routine for solving such conjugate poles Py =
-t jb’ with their angles ¢ = itanﬁl(b,/a') = ¢. Anyone can
initiate this work by p, = a-1+ jltan(ep)]) and further write out
the characteristic equation 1 +KP§ (5)=0with G (s) =

(sz +2as+d +b2)N(s)
2asD(s)+ 241()(25Z ‘X1( a +bz))N(s)
characteristic equation and reforming it build up two

- Putting 5 = p, mto the

polynomial equations contaming two variables @ and K,

When K, gets equipped in connection with d from either of
these equations and is folded in another equation, the numeric
roots of the resultant equation having just the variable ¢ are
able to be known and o’ becomes the real roots merely whereas
the complex roots are ruled out. Subsequently, " and the
conjugate poles can be cast around for by using B = a'tan((p).
There is also an alternative algorithm for seeking such
conjugate poles. A suitable range of K, is decided so that the
K, at the minimum ISE and the K, at the second occurrence of
the breakaway point are settled on for the largest value and the
smallest one of this range ends, respectively. K, is varied

inside the range and then the characteristic equation is sorted
out iteratively along the direction in which the conjugate poles
are shifted towards them possessing the same angle as the
damping angle. However, the modulus of such extra conjugate

poles (Jp, | = (@)’ +{’f ) may be less than the threefold

magnitude of the dominant-poles (m < 3). This can lead to
either of the overshoot or the settling-time or both of them to
be superfluous. K, should be decreased, rendering the location
of the extra conjugate poles to move further away from the
imaginary axis and m to increase.

IV. THE PROPOSED POLYNOMIAL EQUATION
It is probable that there are not any conjugate poles fitting
m 2 3 out while guessing at K, corresponding to n 2 3 could
be impractical. The presence of the extra conjugate poles
holding onto m 2 3 can be certified through the characteristic
1

equation G {5) = _G—(s)
P

underlying one of them

s =—ma+ jo

at s =—ma + j© where |tan71((n/ (ma))| < |0]. The @represents
the imaginary part of the extra conjugate poles and is the new
variable that has to be ascertained. When the K and X are

superseded from the two design formulae, the characteristic
equation becomes

o2 .
(K, +2aX,)(-ma+jo) +2aK (-ma +jo)
-ma+ jo

2 2
+(d +D WK =2aX)) = Dg—m—
@ & 2 ¢ GP(—ma +j03)
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1
a5t t s v aps v asta,
squared, s cubed as well as the fourth power of s are expressed
with § = -ma + jo some arrangements round the term
-ma+ jo
Gp (— ma+ jm)

is noticed and s

After G(s) =

spread

a(-ma +j0))5 +a(-ma +j0))4 + gz(—ma +jc30)j +a,(-ma +j0))2

+ ao(—rgm +jw) = (a,- 5[14»;[120) +[10ama + rjm;(3az— 6a,ma)
—a,]Jo tmalama—a)+ma (ngrgm B a,)-ama

+jda,® +(dagma—a,— 10am a)® +a,-2ama
+ma(3a,-dagmay+Samal €3]

A sequel to the characteristic equation is conceived of as

(mza2 “dmd +d + bZ)KP + 241[mzazX2 - (aZ + bz)Xl]
(K, +2aX,)0" + 2a0(K (1 - m) - 2maX,)

L2 -ma+ ji s (5)
GP(— ma+ jco)

—-ma+ jo

Immediately, the term 15 substituted with

P(— ma+ jco)
5”1-1(* ma+ jo)' , then the real parts are aggregated and the
i=1

imaginary parts are added together. The equality of the left-
hand side and the righthand side in the identical equation
produces the two equations below:

2a(a, - SaAma)aJ4 + {2[1[10[14m3a3 +ma(3a, - 6ama) —a, - X|]
-K }mz +2alma(ama—a)+ m3a3(u3ma -a

%)—u4m a
+m ::12)(2 - (az+ bz)Xl] +Kp(m2a2 “Imd +a

1By =0 (6)

2[1&{[14(04 +(dayma—a,—10a mzaz)m2 +a,~2ama
+m'a(Ga,~dagmay+Sam'a - tmal + K (1-m] = 0. (T)

The latter of these two equations perceives @ = 0 as one
solution suggesting that there is at least one closed-loop pole
that must be always a real number, regardless of X, variation

and an amount of m. The K, is obtained from substituting © =

0 and one of m 2 3 into the former. Anybody can contract the
two equations into the compact forms that associate with two
unknowns of K, and ®at a given m below:

Aw' +(B-K)o +C+DK, = 0 o)

Eo +Fo +G+HK, = 0. )
When the latter of them is rearranged into

K, = «(/H)E® + Fo + G) and the K, in the former is

replaced, the consequent proposed polynomial equation with a
single variable ®is acquired as

E® + (AH—ED + o +(BH-FD +G)&
+CH-GD = 0. (10)

Because there are all five closed-loop poles involved in the
pondered closed-loop system and two of them have already
become one pair of the dominant-poles, the remainder are
either three real poles or an extra couple of the conjugate poles
together with one real pole. When the solutions of the last
polynomial equation comprise double zeroes and four complex
numbers, the closed-loop poles become two dominant-poles,
double real poles and one other real pole. The double real poles
are the conjugate poles without their imaginary parts. If the
solutions are composed of four complex numbers and two real
ones with the same size but opposite sign, the closed-loop
poles become two dominant-poles, an extra couple of the
conjugate poles and one real pole. When the solutions all are
the complex numbers, the closed-loop system lacks its extra
conjugate poles due to excluding the @'s that are the complex
values. The pertiment K, can be appraised from displacing the

win K, = -[1/(D - 0)]do +Ba +C) by the knowledge
of eachreal @

V. EXAMPLES AND DISCUSSION

A few of forthcoming instances will demonstrate
verification in existence of such an extra pair of conjugate
poles. In the first case the percent overshoot and the settling-
time are dispensed with 8% and 8.25 s, respectively. The
dominant-poles are situated at D,= -0.485 1 ;0.603 with their
damping angle ¢ = +51.2" and modulus |p1)2| = =077 as
shown in Fig. 1. The three values of the K, X, and K, gains
being 4.677, 3.183, and 4.418, respectively are informed from
the residue integration principle as well as the two design
formulae for the minimum ISE. Although the closed-loop
response against the unit-step setpoint passes J = 0.287 and the
settling-time of 4.5 s but it exhibits the rather substantial
overshoot of 24.6% which may be unsatisfactory and surplus
from the requirement as shown in Fig. 2. The rest of the
closed-loop poles are positioned at p;=-11.7 and p, , =-1.14

+5.26 with their angle ¢ = 77.8" and modulus Py 4l =538 in
the s-plane while the closed-loop zeroes are met at z,, =

—-0.529 £ j0.664 in which are extremely adjacent to the
dominant-poles. The influence of the closed-loop zeroes and
the effect from the dominant-poles almost cancel each other
out but incompletely. Undemeath the circumstances and thanks
to m = [Re(p, ) | Re(p, )] = (1.14/0.485) = 235 (m < 3), the
conjugate poles play an important role in the performance and
shape of the response. Both the modulus and angle of the
conjugate poles are greater than those of the dominant-poles.
The settling-time of the response becomes shorter than the
requirement while conversely the overshoot peak is larger.
Once the K, gain declines to 1.386, dependent on searching
for the novel couple of the closed-loop conjugate poles in
which feature their angles nearly agreeing with the damping
angle, the ISE becomes non-minimum and the extra conjugate
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poles take their locations at Dyy= —2.25 £52.8 (with therr angle
@ =~ £51.22") where are more distant from the left-hand side of
the imaginary axis as shown in Fig. 3. The closed-loop zeroes
at z,, ==0.677 £,j0.816 are isolated more obviously from the
dominant-poles that stay at their early positions. Thus, the
impact of them hardly counteracts the dominant-poles. Beneath
such an event and owing to m = [Re(p“) / Re(plyz)] =
(2.25/0.485) ~ 4.64 (m > 3), the dominant-poles characterizes
eminently the transient response. The gains of K, = 1.151 and
K, =1.024 are received. The closed-loop response reveals the
overshoot of 4.8% and the settling-time of 6.67 s in which are
within the advisable requirements while a rise in the J = 0.602
is conceded as shown in Fig. 4. Therefore, the PID controller
should be tuned at K,=1386K,=1.151 and K, =1.024

Besides, the proposed polynomial equation can also assure
whether the extra conjugate poles of interest come into
existence or not. After the substitution from a, = 0.01563, a, =
0.2344,a,=1.09%4, a, = 1.875, a;=1, m= 4.64,a = 0.485, b=
0.603, and the numeric values of the other parameters into the
polynomial equation with a single variable  all the solutions
of this equation cover © = +2.8041, -0.6031 1 ;1.7648, and
0.6031 * j1.7648. The key solution ® = 12.8041 and the
imaginary part ofp“ (Im(p, ) =£2.8) match up.

In next incident the percent overshoot and the settling-time
are stipulated by 10% and 5 s, respectively. The dominant-
poles are fixed at P,= —0.8 £71.09 with their damping angle ¢
~ 53,72 and modulus p,,| = ®, = 1.35 as shown in Fig. 5.
Looking for an extra couple of the conjugate poles by which
their angle ties in with the damping angle allocates Dy, = -1.9
+72.59 (with their angle @ ~ +53.74°) as well as the three gains
of K,=2.81, K,=2.83 and K, = 1.22 for the PID controller.
The closed-loop zeroes arise at z,, = —1.15 £ j0.997 where is
the proximity to the dominant-poles but not adjoining to. Thus,
the dominant-poles are almost unaffected from the zeroes. On
account of m = [Re(pM) / Re(pm)] =(1.9/0.8) = 2.38 (m < 3),
both the conjugate poles and the dominant-poles give rise to
the response with J = 0.463 concerning the overshoot of 17%
beyond the requirement as shown in Fig. 6. However, the
settling-time for 3.35 s 1s shorter than that for 5 s.

Once anyone wishes to bring about m > 3, the extra
conjugate poles have to be removed further away from the
imaginary axis and then laid on Pyy=—2381j0.109 where is
the propinquity to the breakaway pomt of the root-locus as
shown in Fig. 7. The closed-loop zeroes appear at z,=-1774
j0.212 in which is between the dominant-poles and the
conjugate poles and where the conjugate ones are nearer.
Therefore, the closed-loop poles and zeroes scarcely interact on
each other. The PID controller deals with its own K, =1.56, K,

=14 and K, = 0.44. Because of m = [Re(p, ) / Re(p ,)] =

(2.38/0.8) = 2.975 (m < 3), the response notifies anyone of J =
0.713 and the overshoot of 14.2% outside the requirement as

shown in Fig. 8. Nevertheless, the settling-time for 4.21 s is
still smaller than that for 5 s.

It is questionable whether the extra conjugate poles with m
2 3 are able to materialize. When the proposed polynomial
equation with a single variable @ is applied and the a, =
0.01563, a,= 02344, a,=1.094, a, = 1.875, 4= 1, m=3, a=
0.8, b = 1.09, as well as the numeric values of the other
parameters are substituted info this polynomial equation, its
answers all are disclosed by the complex numbers of @ =
10.5453, -1.0915 £ j1.6, and 1.0915 £71.6. Thus, this implies
that there are solely the extra conjugate poles with m < 3 while
the PID controller should be tuned at K, = 1.56, K, = 1.4 and

K ,=0.44 for the sake of the weaker overshoot.

VI. CONCLUSION

In this paper the three procedures for tuning the PID
confroller compensating the benchmark plant embraces an
assignment of the dominant-poles with the intention of
dropping to the one-parameter problem, a choice of the PID
gains that respond to the minimum ISE, and a placement of the
extra conjugate poles with m = 3 at which their angle complies
with or is fewer than the damping angle of the dominant ones if
the minimum [SE brings out either stronger overshoot or
longer settling-time than the requirements. The proposed
polynomial equation can inspect the presence or absence of
such extra conjugate poles with m > 3. The first and second
examples of tuning the PID controller expose a trade-off on the
closed-loop responses between the minimum ISH and the
performance requirements in time domain while the third and
fourth ones just compromise on both the ISE and the overshoot
peak. However, herein the gains of the PID controller that
necessitate the responses being within the requirements or near
better will be favoured in view of an obligation to the prior
assignment of the dominant-poles.
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